Flowering time is an important factor affecting grain yield in wheat. In this study, we divided reproductive spike development into eight sub-phases. These sub-phases have the potential to be delicately manipulated to increase grain yield. We measured 36 traits with regard to sub-phase durations, determined three grain yield-related traits in eight field environments and mapped 15 696 single nucleotide polymorphism (SNP, based on 90k Infinium chip and 35k Affymetrix chip) markers in 210 wheat genotypes. Phenotypic and genetic associations between grain yield traits and sub-phase durations showed significant consistency (Mantel test; r = 0.5377, P < 0.001). The shared quantitative trait loci (QTLs) revealed by the genome-wide association study suggested a close association between grain yield and sub-phase duration, which may be attributed to effects on spikelet initiation/spikelet number (double ridge to terminal spikelet stage, DR-TS) and assimilate accumulation (green anther to anthesis stage, GA-AN). Moreover, we observed that the photoperiod-sensitivity allele at the Ppd-D1 locus on chromosome 2D markedly extended all sub-phase durations, which may contribute to its positive effects on grain yield traits. The dwarfing allele at the Rht-D1 (chromosome 4D) locus altered the sub-phase duration and displayed positive effects on grain yield traits. Data for 30 selected genotypes (from among the original 210 genotypes) in the field displayed a close association with that from the greenhouse. Most importantly, this study demonstrated specific connections to grain yield in narrower time windows (i.e. the eight sub-phases), rather than the entire stem elongation phase as a whole.
INTRODUCTION
To maximize grain yield, wheat plants must use resources (e.g., water, nutrients and assimilates) efficiently (Snape et al., 2001; Makino, 2011; Kamran et al., 2014; Langer et al., 2014; Lobell et al., 2015) and avoid stressors (e.g., drought stress, salt stress and thermal stress) during the key stages of floret fertility. Over the past few decades, the most successful wheat breeding strategy for maximizing grain yield and increasing adaptation to stress has been the manipulation of flowering time.
Flowering time in cereals is primarily controlled by three groups of genes: vernalization (Vrn), photoperiod (Ppd) and earliness per se (Eps) (Distelfeld et al., 2009; Langer et al., 2014) . The Vrn genes regulate the transition from the vegetative to the reproductive phase and further determine winter and spring growth habits (Yan et al., 2003 (Yan et al., , 2006 Yan, 2004) . The Ppd genes manipulate the photoperiodresponse and the photoperiod-insensitive alleles disrupt the association between flowering time and day length (Turner, 2005; Wilhelm et al., 2009; Shaw et al., 2012 Shaw et al., , 2013 . Eps is defined as the minimum number of days to reproductive growth after vernalization and photoperiod requirements are satisfied. The Eps genes control the rate of floral developmental independently of Vrn and Ppd genes (Cockram et al., 2007; Kamran et al., 2013; Sukumaran et al., 2016; Zikhali et al., 2016) . The extensive allelic variation that is present among the genes in these three groups provides the basis for the flowering time adaptation in wheat. These allelic variations have been widely used in wheat breeding to improve grain yield in different climates. The modification of flowering time has been successfully applied to cereal breeding during the past several decades, but we have not explored its full potential in this regard.
Although significant progress has been made towards characterizing the regulation of flowering time in general, more detailed information can be acquired by splitting the process into sub-phases. Pre-anthesis reproductive development is a prominent factor in flowering time in wheat and multiple studies have suggested that its manipulation presents potential for improving grain yield Guo et al., , 2017 . Increasing the grain yield is a consistent goal for wheat breeding programs and most of the grain number yield potential is lost during the pre-anthesis phase in wheat Guo et al., 2017) . By dissecting the preanthesis period into sub-phases, researchers can assess the specific timing of events to identify the sub-phase in which the plants are most sensitive to stressors and the most crucial sub-phases for nutrient utilization, floret fertility and abortion, which all influence final grain yield.
In our previous studies, we divided the floral development and abortion process into seven stages ( Figure 1 ): terminal spikelet stage (TS), white anther stage (WA), green anther stage (GA), yellow anther stage (YA), tipping stage (TP), heading stage (HD) and anthesis (AN) . In this study, we combined these seven stages with the double ridge stage (DR, the leaf and spikelet ridges are visible) and assessed the connections between the durations of the eight subphases and variations in grain yield among 210 fieldgrown European winter wheat accessions. These results may be useful for future experiments that aim to determine how floral development is regulated by flowering time or phase duration genes as well as to improve grain yield in wheat. For example, extending the duration from DR to TS can increase spikelet number within individual spikes, which further may improve grain number; while extending the duration from GA to AN may increase assimilate accumulation in the spike, which should provide resources for the fertile floret during the post-anthesis phase.
RESULTS

Genetic and phenotypic associations between sub-phase duration and grain yield
We assessed the association between genotype and phenotype, as well as grain yield traits, during all of the sub-phases using clustering and correlation analyses (Figure 2) . As expected, the six floral developmental stages (WA, GA, YA, TP, HD and AN) were phenotypically and genetically similar (as determined by a strong correlation in the clustering analysis). However, the phenotypic cluster analysis showed that the DR stage was phenotypically distant from the other stages and the genetic cluster analysis showed that both the DR and TS stages were relatively distant from the remaining six stages. This may be because the transition from vegetative to reproductive development occurs during the DR stage and spikelet initiation and differentiation occurs between the DR and TS stages, while floret initiation and development spans the early TS to AN stages. In addition, the sub-phases of the booting stages (e.g., YA-TP and TP-AN) were always close to grain yield- Figure 1 . Spikes (first row) and spikelets (second row) at the seven developmental stages: terminal spikelet (TS), white anther (WA), green anther (GA), yellow anther (YA), tipping (TP), heading (HD), anthesis (AN) stages. The spike length increases rapidly from TS to YA stages, the main accumulation of spike dry weight occurs from YA to AN. The sectional images of spikelets show their structures at the seven stages. related traits in the cluster analysis. This observation is consistent with previous findings that show that assimilate accumulation at the booting stage plays an important role in determining grain yield in wheat (Distelfeld et al., 2014; Ji et al., 2017) . In both phenotypic and genetic clustering and correlation analyses, the duration of the sub-phases displayed a close relative association with grain yield. Generally, extending the key stages for floret growth (e.g. YA-HD, TP-AN) will increase the grain yield. This result implies that sub-phase duration plays a prominent role in determining grain yield.
Finally, we assessed the consistency of the phenotypic and genetic correlations of these traits. The results suggested that the phenotypic and genetic correlations could support each other (Mantel test; r = 0.5377, P < 0.001). While the Mantel value of 0.5377 was moderate, it was significant (P < 0.001) because the Mantel test is based on many traits. This result suggests that mostly genetic factors play important roles in the control of phenotypic correlations.
GWAS of sub-phase duration and grain yield
We conducted GWA mapping of 39 sub-phase and grain yield traits to identify associated SNP markers using a linear mixed model. We determined the significance of the associations for each investigated trait using a suggestive threshold of P < 1.0 9 10 À3 . Here, we took the duration of the DR-YA sub-phase as an example to demonstrate the GWAS in this study (Figure 3 ). The thermal time phenotypic trait displayed a normal distribution between the DR and YA stages (Figure 3a) . The SNP marker that was most significantly associated with the duration of DR-YA was AX-94431272 ( Figure 3b ), which is located on chromosome 7A (142.3 cM). To visualize and compare these trends, the association signals of all SNPs were plotted along the chromosomes in a Manhattan plot (Figure 3c ). In this study, we considered markers separated by at least 5 cM to be in linkage disequilibrium and combined SNP markers within 5 cM as a QTL (File S1). Additional information about all of the associated SNP markers above the threshold 3.00 (P = 1.0 9 10 À3 ) is included in File S1.
Assessment of QTLs that are common to both grain yield and sub-phase duration traits
To investigate how sub-phase duration relates to grain yield in wheat, we assessed the SNP markers (QTLs) that were shared between these two traits (Table 1) . We used the threshold 3.00 (P = 1.0 9 10 À3 ) to detect overlap in the QTLs for sub-phase duration and grain yield and identified nine QTLs that were shared by these two traits ( Table 1) . As expected, the sub-phases (e.g. YA-HD, YA-TP and TP-HD) in the spike booting stages shared QTLs with grain yield and spike dry weight (DW) on chromosomes 5A (52.9 cM), 4A (120.4 cM) and 3A (59.8-61.4 cM), respectively. The QTLs that are shared between booting and grain yield traits may be due to the rapid spike growth during the spike booting stages that is critical for assimilate accumulation in wheat spikes (Calderini et al., 2001; Dreccer et al., 2014; Ji et al., 2017) . Spike DW at anthesis is primarily determined during the spike booting stages. In addition, we found that some QTLs were shared by the DR or TS stages and grain number or grain yield (e.g., 2A, 64.3 cM; 3A, 83.1-87.0 cM; 3D, 143.0-147.1 cM; 5A, 52.9-56.0 cM). From the DR to TS stages, spikelet differentiation concludes and floret production starts. Therefore, the identified QTLs have the potential to be modified to regulate the duration of DR-TS to improve spikelet number and ultimately increase grain number/yield. In addition to the relationships between sub-phase duration and grain yield traits, we also assessed the associations between different sub-phase durations (File S2), as one of the goals of this study was to investigate the interaction between sub-phase durations. As expected, most of the sub-phases shared QTLs with each other as there was some overlap between the sub-phases; however, some QTLs were associated with only one sub-phase (File S2). For example, two SNP markers on chromosome 1B (96.9 cM) were associated only with the WA-AN stages and the SNP markers on chromosomes 1D (12.1 cM), 2B (33.6 cM), 3B (133.9 cM), 5B (50.5 cM) and 5B (132.8 cM) were associated with solely the DR-TS, TS-YA, GA-TP, TP-HD and WA-AN stages, respectively (supplementary file 2). These SNP markers may be useful for manipulating subphase duration to affect grain yield in wheat.
We used the NCBI and URGI Wheat Blast Server databases to identify wheat contigs containing candidate genes for the sub-phase durations (colocalizing genes, annotated in wheat, barley and other grass species). Hexokinases are important enzymes in sugar metabolism that phosphorylate glucose to form glucose-6-phosphate (Jang, 1997; Moore, 2003; Cho et al., 2006) and flowering time is strongly affected by modifying sugar metabolism in the shoot apex of Arabidopsis (Heyer et al., 2004; Seo et al., 2011) . Consistent with this, we detected two candidate genes HEXOKINASE 5 and HEXOKINASE 9 to be associated with sub-phase duration and grain yield. Gibberellin 20-oxidase (GA20ox) plays an important role in the gibberellin biosynthetic pathway (Huang et al., 1998; Coles We identified GA20ox4 as a candidate gene that may affect grain yield and the duration between the WA and AN stages. In addition, we found that genes related to plant height (DWARF 5, DWARF 10 and GIBBERELLIN-DEFICIENT DWARF 1) and tiller number (LOW NUMBER OF TILLER-1) are putative candidate genes affecting grain yield and subphase duration.
Effects of Ppd and Rht loci on sub-phase duration
Sub-phases were scored for photoperiod-sensitive and photoperiod-insensitive allelic variants of the Ppd-D1 locus on chromosome 2D and the percentage and significance of the differences are given in Table 2 . The allelic status of the Ppd-D1 locus on chromosome 2D significantly affected the eight floral developmental stages (DR, TS, WA, GA, YA, TP, HD and AN) and also markedly influenced sub-phase duration. The percentage of sub-phase duration (relative to the values for the genotypes a with sensitive allele) influenced by the alleles at Ppd-D1 ranged from 7% to 34%. The percent differences among the eight stages increased gradually from DR to AN, implying that the influence of the Ppd-D1 locus increased as the plant develops. Compared with the sensitive allele, the largest effects on the durations of sub-phases of the insensitive allele group were found to confer 34, 31, 27 and 27% decreases in the DR-TS, YA-TP, YA-HD and YA-AN phases, respectively. The pronounced effects can be explained by the fact that from DR to TS, the initiation of spikelet and floret primordia is achieved, while YA-TP and YA-HD belong to the booting stages, during which spike dry weight increases the fastest and most. The differences in the duration of the eight floral developmental stages caused by allelic variation at the Ppd-D1 locus were below 17% (Table 2) , while the differences in sub-phase duration were above 17%, with the exception of TS-WA (13%) ( Table 2 ). This finding suggests that the effect of the Ppd-D1 locus on the eight stages was not as pronounced as it was on the sub-phases. The effects of Rht-D1 allelic variants on sub-phase duration are not as marked as the effects of the Ppd-D1 allelic variants (Table S1 ). The dwarf allele of Rht-D1 significantly increased the thermal time to TS (5%), TP (4%) and HD (4%); extended the sub-phase durations of DR-TS (14%), DR-HD (6%), WA-TP (10%), WA-HD (11%), YA-TP (15%) and YA-HD (15%); and decreased the sub-phase duration of TS-WA (15%). As DR-TS is the spikelet primordium initiation phase and YA-TP and YA-HD are the spike booting phases, we concluded that the tall allele of Rht-D1 extended the duration of floret primordium initiation and spike booting. The most prominent differences between the Rht and Ppd loci were that the photoperiod-sensitivity allele at Ppd-D1 consistently extended the duration of all sub-phases, whereas the Rht-D1a tall allele displayed both positive and negative effects on sub-phase duration. Notably, we were unable to detect any significant effect of the Rht-D1 allelic variants on the duration from DR to AN in this study.
We further determined the influences of the Rht-D1 (chromosome 4D) and Ppd-D1 (chromosome 2D) loci on grain yield traits (grain yield, spike DW and grain number per spike). In this experiment, the insensitive allele of Ppd-D1 resulted in an 8% decrease in grain number per spike compared with the photoperiod-sensitive allele (Table 3) . The dwarfing allele of Rht-D1 led to a 2% improvement in grain yield in the field (Table S2 ). The positive effects of dwarfing and sensitivity alleles on the three grain yieldrelated traits may be attributable to their influences on spike booting (the key phase for assimilate accumulation) and spikelet initiation (the critical phase for the spikelet number and grain number per spike).
Correlation between field and greenhouse data
As these sub-phase duration experiments were conducted under controlled greenhouse conditions, we selected 30 genotypes from among the 210 original genotypes to measure sub-phase durations under both field and greenhouse conditions (DR was not determined in the field) ( Table S3 ). The thermal times of the seven stages were similar between the field and greenhouse conditions, with correlation values ranging from 0.7047 to 0.8475. However, in most cases, the associations between the sub-phase durations of plants grown in the field and those grown in the greenhouse were not as strong as they were for thermal time among the seven stages (Table S3) . In some cases, the sub-phase durations between the field and greenhouse conditions were only weakly correlated. Because the durations of these sub-phases are relatively short, a small difference can lead to a big variation in terms of the percentage relative to short duration of sub-phases (Table S3) .
DISCUSSION
In previous works, some flowering time genes (e.g. Ppd, Eps, Vrn) have been well studied in wheat (Guo et al., 2010; Chen and Dubcovsky, 2012; Kumar et al., 2012; Zikhali et al., 2014; Kippes et al., 2015) . Most studies of these genes have focused on differences in total time to flowering, but we felt it would be worthwhile to learn more about the pre-anthesis sub-phase durations in wheat. Any sub-phase differences could be attributable to the variation in duration of several developmental phases, e.g., the transition from vegetative to reproductive development and the stem elongation phase (SEP). More work is needed to better understand the influence of specific developmental time windows during the SEP on grain yield traits, as SEP is a long and complicated phase during which many obvious phenotypic modifications occur (e.g., floret abortion and anther/ovary swelling). Therefore, we divided the SEP into seven stages to examine the association between developmentally defined time windows (the seven stages and DR stage) and grain yield traits. Ppd-D1 loci are closely connected with both grain yield and flowering time in wheat. The photoperiod-sensitivity alleles at the Ppd-D1 locus significantly extend the SEP and increase dry matter accumulation in spikes until anthesis, compared with the insensitivity allele. The increased dry matter accumulation leads to a sufficient assimilate supply for grain filling and stress resistance during postanthesis development. The positive effect of Ppd-D1 sensitivity alleles on fertile floret development at anthesis can also contribute to the extension of the SEP and the improvement of the spike dry weight (Foulkes et al., 2004; Gonz alez et al., 2005b; Royo et al., 2018) . Consistent with this, we observed that the Ppd-D1 locus is closely associated with narrow time windows during the SEP and that the duration of the narrow time window is related to grain yield traits (Table 1) . More recently, it was reported in wheat that Ppd and FLOWERING LOCUS T (FT) expression altered pre-anthesis spikelet development resulting in modified spikelet arrangements, termed paired spikelets (Boden et al., 2015) . This study suggests that a fine-tuned regulation between photoperiod, florigenic and meristem identity genes is required for canonical inflorescence shapes as well as an optimized timing to flower in wheat.
In addition to the Ppd gene, multiple other flowering time-related genes also influence grain yield traits by regulating the spike/spikelet/floret development in wheat. The Eps genes control the length of the vegetative period, early reproductive period and the transition between the two periods (Slafer, 1996; Lewis et al., 2008; Gawro nski et al., 2014) further leading to distinct effects on spikelet number and spike length (Lewis et al., 2008; Gawro nski et al., 2014) . In summary, the flowering time genes regulate the duration of the development phases, which influence plant growth, especially spike growth, which in turn affect grain yield traits. The further division of the SEP into multiple sub-phases may be helpful for studying the mechanism of how these flowering time genes affect grain yield. In the future, more work using near isogenic lines of Ppd and Rht loci should be carried out to further investigate the durations of sub-phases and floret development in wheat.
In addition to the flowering time genes, alleles at the Rht1 loci also influence the adaptability of wheat to various environments. Rht-B1 and Rht-D1 encode DELLA proteins that repress plant growth and are degraded in the presence of gibberellin (Peng et al., 1999) . The Rht-dependent changes in adaptability of wheat to environmental variations may be associated with the influence of Rht genes on flowering time (Khush, 2001; Addisu et al., 2010; Wilhelm et al., 2013) . In this study we did not detect a significant association between Rht loci and anther extrusion (anthesis). However, the Rht-D1b dwarf allele significantly decreased thermal time to heading stage. A possible explanation is that we measured anthesis based on anther extrusion, which might not be temporally identical between the dwarf and tall alleles. For example, because the filament of the stamen in dwarf lines does not grow as long as it does in the tall lines, phenotyping anther extrusion may be imprecise. GA20ox genes are closely associated with plant height; a loss-of-function allele for GA20ox would phenocopy the dwarfing allele of Rht (Rieu et al., 2008; Barboza et al., 2013) . GA20ox4 is a candidate gene that may affect the duration between WA and AN stages, supporting the observed effects of Rht on the duration of sub-phases in this study.
In recent decades, anthesis has been widely optimized in wheat breeding. By sub-dividing anthesis into phases, this study provides future possibilities to further tap the potential of anthesis to improve grain yield and plant adaptation to stress in wheat breeding programs. We divided anthesis into seven sub-phases according to the floret development and abortion process. However, more than half of the grain number yield potential is lost during pre-anthesis development Guo et al., 2017) . We show that grain yield is associated with the sub-phase durations, suggesting that sub-phase duration is an important determinant for grain yield. Combined with our previous work, these results suggest that grain yield may be increased by improving floret fertility and reducing floret abortion by manipulating sub-phase durations. Previous studies show that grain number increases when the SEP is extended (Miralles et al., 2000; Gonz alez et al., 2003 Gonz alez et al., , 2005a Gonz alez et al., , 2011 . Extending the SEP results in more assimilate accumulation in spikes, which further improves floret fertility and grain number. The most important finding in this study is that it offers potential strategies for controlling the narrow time windows (sub-phases) during the SEP to increase floret fertility and grain number. Our results suggest that these specific time windows may be useful in wheat breeding, as some subphases are more important for the improvement of grain yield than others.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The GABI-WHEAT population contains 358 European winter and 14 spring wheat varieties. Of these, we selected 210 winter genotypes based on the different alleles of the photoperiod (Ppd) and reduced height (Rht) loci (File S3) (Kollers et al., 2013) . The genotyping work for Ppd-D1 (chromosome 2D) and Rht-D1 (chromosome 4D) was carried out according to the markers from (Ellis et al., 2002; Beales et al., 2007) . genotyping process can be found in previous work (Zanke et al., 2014) .
Forty plants from each cultivar were planted, this plant number was sufficient to determine different developmental stages. We sowed grains into 96-well trays on the same date and germinated them under glasshouse conditions (photoperiod and temperature, 16:8 h, 20:16°C, light:dark) for 2 weeks. At the two-to three-leaf stage, we transferred the seedlings to 4°C for 9 weeks for vernalization. The vernalized seedlings were transferred to a hardening condition (photoperiod and temperature, 12:12 h and 15:15°C, respectively) for 1 week to acclimatize. Finally, the plants were transplanted into 0.5-liter pots (one plant per pot; 9 9 9 9 9 cm) and grown under greenhouse conditions (photoperiod and temperature, 16:8 h, 20:6°C) . Supplemental light (of about 250 lmol m À2 sec À1 photosynthetically active radiation) was supplied with low-intensity incandescent light and plants were irrigated as required until they were harvested.
Phenotyping details
Phenotypic measurements were carried out according to Kirby and Appleyard (1984) and , the detailed information is shown below. At the DR stage, the two ridges (spikelet and leaf primordial) are visible. One leaf primordium ridge is present below each spikelet primordium ridge and generally, the leaf primordium ridge is less prominent. At this stage, almost one-half of the total number of spikelet primordia have initiated. After the TS stage, no more spikelets will initiate and the last few primordia will develop into a terminal spikelet containing the glumes and floret primordia. By the WA stage, more than eight floret primordia within each individual spikelet have initiated. The first and second basal floret at the bottom of the spikelet (florets 1 and 2) are completely enclosed by their lemmas and their stamens and other structures cannot be seen. Small awns are visible on the lemmas of florets 2 and 3 at the bottom of the spikelet. The anthers of floret 1 can be checked by removing the glumes and the lemma. At the green anther (GA) stage, no more floret primordia will initiate and the number of floret primordia is at its maximum . The most obvious trait at this stage is that the entire spikelet was covered, except at the floret tips. At the base of the floret, two fleshy lodicules are prominent. The wings of the palea fold over to partly enclose the three stamens. At the YA stage, the glumes are fully formed and the lemmas of the first three florets are visible. The lemma of floret 1 has a short awn point, while the awns of florets 2 and 3 at the base of the spikelet are longer. Florets 1, 2 and 3 at the base of the spikelet are relatively mature. The anthers are bright greenish yellow and floret 4, at the base of the spikelet, has large anthers and a well developed carpel but is less mature than the lower florets. At the tipping (TP) stage, the first awns are visible. The florets with visible anthers and ovaries develop further, whereas the apical floret primordia do not. The anther is greenish yellow in colour and the glumes shift from light green to yellow.
At the heading (HD) stage, half of the individual spike is visible. F1 anthers reach their maximum size and the glumes become stiffer. At anthesis (AN), the YAs extrude from florets 1 and 2 at the base of the spikelet. At anthesis, the florets that are still alive become fertile florets. F1 ovaries develop rapidly between the HD and AN stages and the aborted apical floret parts disappear completely. The anthers become completely yellow and the stigmatic hair is well developed.
The DR, TS, WA, GA and YA stages were determined based on at least three randomly selected plants. The plants were considered to be in the TP, HD, or AN stage when half of the plants had reached the respective stage.
Thermal time (°Cd) was used to identify the duration of each stage/sub-phase and was calculated as the sum of the daily average temperature [(T max + T min )/2], when the base temperature was assumed to be 0°C. The sub-phase duration is defined by the differences in thermal time between the two different stages. The 210 genotypes were grown in eight environments throughout Germany (Seligenstadt 2009 , Wohlde 2009 
Data analysis approaches
Phenotypic correlations among the sub-phase durations and grain yield-related traits were determined as the Pearson's correlation of their trait values (using the cor() function in R). The genetic correlation quantifies the extent to which two phenotypic traits share genetic etiology. A genetic correlation of 1 indicates that the traits share genetic influences, whereas a genetic correlation of 0 suggests the traits are genetically independent. The genetic correlations among traits were calculated using a variance component analysis for multi-trait modelling using single nucleotide polymorphism (SNP) data, as implemented by the Bolt-Lmm software package (Loh et al., 2015) . The overall consistency of the phenotypic and genotypic correlations between different traits was assessed with a Mantel test (Mantel, 1967) . The Mantel test is a statistical test of the correlation between two matrices. It is based on the 'distance' between objects.
Only SNPs with minor allele frequencies ≥ 0.05 were used to carry out the genome-wide association study (GWAS). GWA mapping of the wheat population was conducted using naive linear model and mixed-model approaches based on 15 696 mapped SNPs (from a 90k Infinium chip and a 35k Affymetrix chip). First, the naive model referred to linear regression for continuous quantitative traits. It has been argued that a random effect in a linear mixed model (LMM) using the kinship matrix (the K model) would be sufficient for correcting cryptic relatedness and controlling for spurious associations. However, we observed lower genomic inflation factors when we also corrected for the main directions of population structure by regressing on the several top principal components (the Q matrix) of the SNP information (e.g. Q5 and Q10 refer to the Q matrix based on the five and 10 principal components, respectively). The linear regression model was implemented by the lm() function in R, while the K (only considered the kinship K matrix), K + Q5 and K + Q10 methods were implemented in Emma (Yu et al., 2006) .
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